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USE OF A REFERENCE SOURCE WITH
ADAPTIVE OPTICS IN BIOLOGICAL
MICROSCOPY

RELATIONSHIP TO OTHER APPLICATIONS
AND CLAIM OF PRIORITY

This application claims priority to and the benefit of U.S.
provisional patent application No. 61/197,291 filed 24 Oct.
2009 entitled “Use of a reference source with adaptive optics
in biological microscopy”.

GOVERNMENT SUPPORT CLAUSE

This invention was made with government support under
National Science Foundation Agreement Nos. 8976783 and
PHY 0120999. The government has certain rights in the
invention.

FIELD OF THE INVENTION

The invention relates to methods of microscopic imaging
using adaptive optics technology to improve the Strehl ratio
(and therefore image focus and sharpness) of microscopic
imaging of biological tissue. Wavefront measurements are
made by using a novel method of seeding biological tissue by
using a fluorescent microsphere as a “guide star” as a natural
point-source reference.

BACKGROUND

Changes in the index of refraction due to tissue composi-
tion limit the resolving power of biological microscopy [1-4].
This effect is more pronounced in deep tissue imaging where
the light travels through many layers of cellular structures
including cytoplasm and plasma membrane. Consequently,
biological microscopy technology is not capable of obtaining
high quality live images in unfixed samples more than 30
microns beneath the plasma membrane. Many important bio-
logical processes occur in deep tissue such as stem cell divi-
sion, neurogenesis and the key developmental events follow-
ing fertilization. A method that can be used to improve deep
tissue imaging is Adaptive Optics (AO). AO is a technique
used in telescopes to measure and correct the aberration intro-
duced by the turbulence in the optical path [5, 6]. AO has also
been applied to vision science to enhance our understanding
of the human eye [7, 8]. Biological microscopy is limited by
aberrations introduced when imaging through thick biologi-
cal tissue. There is s need for a wavefront sensor to measure
the wavefront error induced by biological tissue so as to
improve the Strehl ratio of microscopes when imaging bio-
logical tissue.

BRIEF DESCRIPTION OF THE INVENTION

Optical aberrations are introduced during optical imaging
through biological tissue. The invention encompasses meth-
ods of microscopy using adaptive optics technology to
improve the Strehl ratio of microscopical imaging when
imaging biological tissue.

The Strehl Ratio is usually defined at the best focus of the
imaging system under study. The Strehl ratio is the ratio of the
observed peak intensity at the detection plane of a telescope
or other imaging system from a point source compared to the
theoretical maximum peak intensity of a perfect imaging
system working at the diffraction limit. This is closely related
to the sharpness criteria for optics. The Strehl ratio is com-
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monly used to assess the quality of a percieved image in the
presence of atmospheric turbulence and assess the perfor-
mance of any adaptive optical correction system.

The methods of the invention comprise a method for mea-
suring optical aberrations introduced during optical imaging
through biological tissue, the method comprising the steps of:
the steps of: (i) seeding a medium with a reference source (the
“guide star” reference), (ii) applying a biological tissue to the
seeded medium, (iii) subjecting the biological tissue on the
seeded medium to adaptive optics microscopy, and (iv) mea-
suring the optical aberrations caused by imaging through the
biological tissue using adaptive optics. In certain embodi-
ments the method the reference source is fluorescent, and in
certain embodiments may be a fluorescent microsphere. In
various embodiments the reference source need not be a
microsphere but may be any other source of fluorescent light
such as dyes, particles, polymers etc impregnated with a
fluorescent substance. For example the reference source may
be a quantum dot, a bead, a dye, or a fluorescent protein (e.g.,
GFP, YFP etc.). In some embodiments the method of the
invention uses a Shack-Hartmann wavefront sensor to mea-
sure the wavefront error induced during optical imaging
through biological tissue. Any appropriate wavefront sensor
could be used with the methods of the invention, and any
suitable method for sensing and measuring the input wave-
front could be used. For example the Hartman method could
be used, although this is generally less accurate.

In the present disclosure, a Shack-Hartmann wavefront
sensor was designed to measure the wavefront error induced
by a Drosophila embryo. The Drosophila embryo is simply
used as a convenient experimental example of a biological
tissue and any biological tissue could be imaged using the
methods of the invention.

The sequence of events as described above may vary and it
in not necessary for the medium to be seeded first, and for the
biological tissue to then be placed into the seeded medium.
The biological tissue may be seeded directly or the biological
tissue may be placed into the medium than then the medium
and/or the tissue seeded with the fluorescent reference source.
In an alternative embodiment the invention encompasses a
method for measuring optical aberrations introduced during
optical imaging through biological tissue, the method com-
prising the steps of: (i) providing a fluorescent reference
source, (i) seeding a biological tissue or a medium in which
a biological tissue is present with the fluorescent reference
source, (ii) subjecting the biological tissue on the seeded
medium to adaptive optics microscopy, and (iv) measuring
the optical aberrations caused by imaging through the bio-
logical tissue using adaptive optic microscopy. The fluores-
cent reference source may be selected from the group con-
sisting of: a fluorescent microsphere, quantum dot, a
fluorescent bead, a fluorescent dye, and a fluorescent protein.

The fluorescent reference source may be seeded into the
biological tissue or the medium in which the biological tissue
is present by physical distribution (sprinkling), or by soaking
or injecting the biological tissue or the medium with the
fluorescent reference source. In another embodiment, the
fluorescent reference source is seeded into the biological
tissue by genetic breeding and is inherently present in the
biological tissue.

In another embodiment, the method uses two or more fluo-
rescent reference sources to allow for tomographic measure-
ments using adaptive optic microscopy, or multi-conjugate
adaptive optics, or multi-object adaptive optics.

BRIEF DESCRIPTION OF THE FIGURES AND
TABLES

FIG. 1. Microscope with a Shack-Hartmann wavefront
sensor. BS1 allows the laser light to be focused onto the
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sample. BS2 allows for both the science camera and the WFS
to simultaneously see the fluorescent microsphere.

FIG. 2. Polystyrene microsphere optical absorption and
emission curves. The absorption and emission curves are
shown by the dashed and solid lines, respectively. The edge of
the source filter is the red line. The emission filer has a 90%
transmission for wavelengths greater then 641 nm.

FIG. 3. 20x wavefront measurement with no tip and tilt.
The x and y axis are scaled to the sub-aperture diameter. The
legend is scale in microns.

FIG. 4. Zernike Coefficient values for the wavefront shown
in FIG. 3. Focus and Astigmatism are labeled.

FIG. 5. PSF analysis, a) calculated using a flat wavefront,
b) calculated using the wavetront in FI1G. 3 (normalized to its
maximum), ¢) calculated by removing the first 14 Zernike’s
of FIG. 3, d) cross-sectional view of a, ¢) cross-sectional view
of'b, f) cross-sectional view of c.

FIG. 6. Zernike statistical data for the measurement in
Table 1. a and b) mean of the absolute value for each Zernike
mode 20x and 40x respectively, ¢ and d) room-mean-square
value for each Zernike mode 20x and 40x respectively.

Table 1. Statistical data for 20x and 40x objectives. Peak-
to-Valley (PV), Root-Mean-Square (RMS), Strehl (S), Strehl
after correcting first 14 Zerniki’s (S(14)), Strehl after correct-
ing first 65 Zerniki’s (S(65)).

Table 2. Isoplanatic angle measurements for the 40x objec-
tive.

GENERAL REPRESENTATIONS CONCERNING
THE DISCLOSURE

The embodiments disclosed in this specification are exem-
plary and do not limit the invention. Other embodiments can
be utilized and changes can be made. As used in this specifi-
cation, the singular forms “a”, “an”, and “the” include plural
reference unless the context clearly dictates otherwise. Thus,
for example, a reference to “a part” includes a plurality of
such parts, and so forth. The term “comprises™ and grammati-
cal equivalents thereof are used in this specification to mean
that, in addition to the features specifically identified, other
features are optionally present. Where reference is made in
this specification to a method comprising two or more defined
steps, the defined steps can be carried out in any order or
simultaneously (except where the context excludes that pos-
sibility), and the method can optionally include one or more
other steps which are carried out before any of the defined
steps, between two of the defined steps, or after all the defined
steps (except where the context excludes that possibility).
Where reference is made herein to “first” and “second” fea-
tures, this is generally done for identification purposes; unless
the context requires otherwise, the first and second features
can be the same or different, and reference to a first feature
does not mean that a second feature is necessarily present
(though it may be present). Where reference is made herein to
“a” or “an” feature, this includes the possibility that there are
two or more such features. This specification incorporates by
reference all documents referred to herein and all documents
filed concurrently with this specification or filed previously in
connection with this application, including but not limited to
such documents which are open to public inspection with this
specification.

DETAILED DESCRIPTION OF THE INVENTION

Described are methods of microscopic imaging of biologi-
cal tissue using adaptive optics technology to improve the
image focus and sharpness. Wavefront measurements are
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taken by using a novel method of seeding biological tissue by
using a fluorescent microsphere as a “guide star” as a natural
point-source reference. The current methods are capable of
improving the Strehl ratio of modern biological microscopes
as much as 15 times.

The invention encompasses methods for measuring aber-
rations introduced during optical imaging through biological
tissue and using adaptive optics technology to improve the
Strehl ratio of microscopes when imaging biological tissue.
The methods comprise seeding a medium with a reference
source, applying a biological tissue to the seeded medium,
subjecting the biological tissue on the seeded medium to
adaptive optics microscopy, and determining the aberrations
in light wavelength caused by imaging through the biological
tissue. In one aspect of the invention, the reference source is
fluorescent. In another aspect of the invention, the reference
source is a fluorescent microsphere. In yet another aspect of
the invention, the method uses a Shack-Hartmann wavefront
sensor.

Changes in the index of refraction due to tissue composi-
tion limit the resolving power of biological microscopy [1-4].
This effect is more pronounced in deep tissue imaging where
the light travels through many layers of cellular structures
including cytoplasm and plasma membrane. Consequently,
biological microscopy technology is not capable of obtaining
high quality live images in unfixed samples more than 30
microns beneath the plasma membrane. Many important bio-
logical processes occur in deep tissue such as stem cell divi-
sion, neurogenesis and the key developmental events follow-
ing fertilization. A method that can be used to improve deep
tissue imaging is Adaptive Optics (AO). AO is a technique
used in telescopes to measure and correct the aberration intro-
duced by the turbulence in the optical path [5, 6]. AO has also
been applied to vision science to enhance our understanding
of'the human eye [7, 8].

The idea for using adaptive optics for microscopes is rela-
tively new and a lot of work is still needed. Most adaptive
optics microscopes systems so far have not directly measured
the wavefront due to the complexity of adding a wavefront
sensor in an optical system and the lack of a natural point-
source reference such as the “guide-star” used in astronomy.
Instead, most AO scanning microscopy systems have cor-
rected the wavefront by optimizing a signal received at a
photo-detector by using a hill-climbing algorithm [9]. While
there is a lot of important research being done in AO micros-
copy, many ofthe AO systems are specific to each microscope
and a universal method for measuring the wavefront (or the
results of the correction algorithm) is not currently available.
Booth described some of the difficulties associated with the
utilization of a Shack-Hartmann wavetront sensor (SHWS) in
AO microscopy [9]. Most of these difficulties can be over-
come if a suitable fluorescent point source could be found.

In this patent application, we disclose a method for mea-
suring the wavefront aberrations. In the present example aber-
rations induced by a Drosophila embryo are measured by
using a Shack-Hartmann wavefront sensor wherein light is
emitted from an imbedded fluorescent microsphere. The
Drosophila embryo is well suited to analysis as it is approxi-
mately 200 um in diameter, rich in cytoplasm and amenable to
experimental manipulation. A Shack-Hartmann wavefront
sensor was designed to measure the wavefront error induced
by a Drosophila embryo. The wavefront measurements were
taken by using a novel method of seeding an embryo with a
fluorescent microsphere as a “guide star” The maximum
wavefront error for a 40x objective was 1.9 um and 0.3 um for
the peak-to-valley and root-mean-square respectively. The
measurements also show that the isoplanatic half-width is
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approximately 19 pum resulting in a field of view of 38 um in
total. These measurements show that current adaptive optics
technology is capable of improving the Strehl ratio of modern
biological microscopes as much as 15 times.

Methods

FIG. 1 shows the design of the system used to measure the
wavefront aberration introduced by the drosophila embryo.
Two different objectives 20x and 40x (Melles Griot, Roch-
ester, N.Y.) were used with a numerical aperture of 0.4 and
0.65 respectively. L1 and [.2 are 65 mm focal length lenses
that image the aperture of the objective onto the Hartmann
sensor, P1 and P2 are conjugate planes. The field-stop
between L1 and [.2 blocks the light coming from other parts
of the field of view, allowing only the light from the bead to
pass. Note, the field-stop could be moved further down the
system since it is only needed by the Hartmann sensor. The
large distance between L1 and the aperture (P1) allows for the
excitation laser (HeNe A=632 nm) to be placed in this area.
The laser is directed to the optical path via the 45° beam
splitter BS1 (Semrock, Rochester, N.Y.). A source filter was
also added after [.2 to reduce the effect of scattered light by
the embryo and allow for the Hartmann Sensor to only see the
emission light. By using the 90/10 beam splitter the bead can
be simultaneously imaged by the Hartmann sensor and the
science camera. The lens .3 demagnifies the pupil by a factor
2 so that it can fit into the cooled camera (Roper Scientific,
Acton, N.J.). See FIG. 1.

An important part of measuring an accurate wavefront is
the reference source. Astronomical adaptive optics makes use
of a laser to create an artificial guide star in the mesospheric
sodium layer, 90 km above sea level that is bright enough to
perform adequate wavefront measurements [6]. Powerful and
expensive lasers are needed to do so but the end result is that
the adaptive optics system can correct over a much larger
portion of the sky relative to the use of “natural guide stars.”
The reference source used to measure the wavefrontin our AO
microscope setup is a crimson fluorescent microsphere that is
1 um in diameter (Invitrogen, Carlsbad, Calif.) [10]. FIG. 2
shows the general absorption and emission curves of the
crimson bead, as well as the excitation source at ~633 nm and
the edge of the source filter at 641 nm (90% pass for wave-
lengths greater then 641 nm). See FIG. 2.

Embryos from the Oregon-R wild-type strain of D. mela-
nogaster were collected for 2 hrs on grape juice agar plates at
22° C. These embryos were dechlorinated in a 50% bleach
solution and transferred to a vial containing 1 mL of phos-
phate-buffered saline (PBS) and 1 mL of heptane. Embryos
were left at the interface for 45 sec before addition of 2 mL of
aformaldehyde solution consisting of 4 parts 37.5% formalin
and 5 parts methanol-free 40% para-formaldehyde. These
embryos were left in fixative for 25 min, at which time all
fixative is removed and the embryos are hand devittelinized
and stored in PBTA (1x PBS, 1% Bovine Serum Albumin
(BSA), 0.05% Triton X-100, 0.02% Sodium Azide) [11].

Glass slides were prepared by adding three spacers of
double-sided tape. Dilutions of fluorescent beads (1:5000 and
1:10000) were dropped onto the slide between spacers and
allowed to dry for 10 min. Fixed embryos were rinsed in PBS
and then covered in a glycerol-based mounting media
(Vectashield, Vector Laboratories). Embryos were then trans-
ferred to the bead-covered areas of the slide followed by a
coverslip, which was sealed with nail polish.

Results

A reference Hartmann sensor image was obtained to cancel
the aberrations introduced by the optical setup. The reference
image was taken by imaging a single fluorescent bead onto
the Hartman sensor. The bead was dried onto a glass slide and
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imaged with no coverslip or mounting media. The image was
processed to obtain the location of the Hartmann spots by
using a cross-correlation centroiding algorithm [12]. For each
wavefront measurement, a new Hartmann sensor image was
acquired with the sample prepared as describe in the previous
section. The new measurement was then processed to deter-
mine the displacement of the Hartmann spots (slope measure-
ments) relative to the reference image described above. The
slope measurements were finally processed to obtain the
wavefront by using a Fast Fourier Transform (FFT) recon-
struction algorithm [13]. For each measurement the peak-to-
valley (PV) and the root-mean-square (RMS) wavefront
errors were collected. The wavefront function was also
expanded into Zernike’s circle polynomials to determine the
relative strength of the different modes [14]. The wavefront
measurements were also used to analyze the point spread
function (PSF) by taking the Fourier transform of the com-
plex pupil function: See Equation 1.

2 Equation 1

‘FT{P(X/, y’)*exp(i%w(x’, y’)]}
|FT{PW, y MPE=0,7=0

X
£=

PSF(x,y) = T

=2
=37

Where P is one inside the pupil and zero everywhere else,
x"and y' are the coordinates at the pupil plane, and & are 1) the
spatial frequency in the transform domain, x and y are the
coordinates at the image plane, w is the wavefront measure-
ment, and A is the wavelength at which the measurement were
taken.

A measurement of the wavefront for a 20x objective witha
numerical aperture 0f' 0.4 and a limiting aperture of 5.9 mm is
shown in FIG. 3. The distance between points is equal to the
sub-aperture diameter d; ,. As can be seen from FIG. 6 the
peak to valley wavefront error is ~0.95 pm and the RMS
wavefront effort for this measurement was 0.16 um. FIG. 4
shows the Zernike coefficient for the wavefront shown in FIG.
3. As can be seen from FIGS. 3 and 4, focus, astigmatism, and
other spherical aberrations dominate the wavefront. This is
mainly due to the index mismatches in the optical path as well
as the curved body of the embryo, which mostly introduced
lower-order aberrations. A reassuring sign shown in FIG. 4 is
that the amplitude of the higher-order aberrations are decreas-
ing and by correcting a finite number of Zernike modes the
imaging qualities of the optical system will greatly improve.
See FIGS. 3, 4 and 5.

Image “a” in FIG. 5 shows the PSF for an optical system
with no aberrations. Image b in FIG. 5 displays the PSF
calculated by using equation 1 and the wavefront in FIG. 3.
The Strehl ratio is defined as the ratio of the peak intensity of
the PSF relative to the peak intensity of diffraction limited
PSF [14]. Image e in FIG. 5 shows that the Strehl is approxi-
mately 0.08. The effect of removing the first 14 Zernike’s can
be seen in image ¢ and fin FIG. 5. Using this simulation we
can estimate that correcting the first 14 Zernike’s will
improve the Strehl ratio to 0.72.

Table 1 shows the statistical data gathered from the mea-
surements taken. Measurement 1-9 were taken with the 20x
objective, measurement 10-15, in gray highlights, were taken
with the 40x objective. The measurements show a maximum
peak-to-valley (PV) wavefront error of 1.21 um and 1.8 pm
for the 20x and 40x respectively. The maximum RMS wave-
front error was 0.24 um and 0.3 pm for the 20x and 40x
respectively. The higher PV and RMS measurement in the
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40x objective are mainly due to the spherical aberrations
introduced by the higher numerical aperture. Column four in
Table 1 also shows the Strehl ratio obtained by finding the
maximum of Equation 1 for each measurement. By removing
different Zernike modes we can also calculate the effect of
removing different amounts of wavefront error. Column five
and six demonstrate the effect of removing the first 14 and 65
Zernike’s modes from each measurement. The data shows
that correcting a small number of modes improves the imag-
ing capabilities of the system.

FIG. 6 shows the statistical data for each Zernike mode for
the measurements shown in Table 1. The data shows a gradual
decrease in value with increasing Zernike mode. From this we
can verify that spherical aberrations are the main source of
wavefront error and the aberrations are higher in the 40x
objective.

The isoplanatic angle is a relative measure of the field of
view over which the AO system can operate and is mathemati-
cally defined as [6]:

03 = {(¢(X, 0) - §(X, 8))*) = | rad® Equation 2

Where X is a vector representing the two dimensional
coordinates, 0, is the isoplanatic angle, and o, is the mean-
square error between the measured and observed wavefront.
We can determine the isoplanatic half-width by multiplying
the isoplanatic angle by the focal length of the objective.

In order to determine the isoplanatic angle we took wave-
front measurements from two beads separated by some dis-
tance d. The two beads were excited separately by shining the
laser on a single bead at a time. Table 2 shows three different
measurements taken with a 40x objective. The first measure-
ment shows that the wavefront error for the bead located at the
center of the field of view RMS(1) is 0.98 radians, the wave-
front error for the bead located 18 pum from the center is 1.24
radians, and the wavefront error between the two measure-
ments is 0.77 radians. Taking the average of three measure-
ments shows the isoplanatic half width is ~19 um. See Table
2.

Discussion & Conclusions

One of the challenges in designing a SHWS is imposed by
the amount of light the reference source can provide. Fluo-
rescent microspheres are made out of fluorescent dye and the
light emitted is proportional to the radius cubed, thus smaller
beads provide less light. The size of the beads should be
smaller than the diffraction limit of one sub-aperture of the
Hartmann wavefront sensor. Note that this is larger than the
diffraction limit of the microscope aperture by the ratio D
(size ofthe aperture)/d; ,. Since the diffraction limit of micro-
scope is inversely proportional to the numerical aperture
(NA) smaller beads are needed for higher numerical aperture
systems. Fortunately the light gathered by the objective also
increases with increasing NA (light gathering power ~NA?).
Thus increasing the wavefront sampling by a factor of 4,
increases the size of the microsphere radius by a factor of 2,
and the amount of light emitted by a factor of 8. The only way
to determine if a microsphere, or any fluorescent source, will
work is to image it into a SHW S using the objective, as shown
in FIG. 1. In order to increase the speed of the AO loop the
bead size should be maximized.

An emerging field in adaptive optics is tomography AO,
where multiple light sources together with multiple SHWS
are used. The information from each wavefront sensor is then
processed using a reconstructor to acquire a tomographic
image of the index of refraction changes in the optical path.
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One of the advantages of using tomography AQO is that it can
provide information on the depth dependence on index of
refraction variations in the tissue thus allowing for the AO
system to correct for the wavefront aberrations only in the
optical path. This technology can also extend the isoplanatic
angle by correcting wavefront aberrations that are common to

a larger field of view. By depositing multiple fluorescent

beads into the biological sample and using multiple wave-

front sensors we can also apply the tomographic techniques
that have been developed for astronomical AO.

A Shack-Hartmann wavefront sensor was designed to mea-
sure the wavefront error induced by a Drosophila embryo.
The wavefront measurements were taken by using a novel
method of seeding an embryo with a fluorescent microsphere
as a “guide star.”” The maximum wavefront error for a 40x
objective was 1.9 um and 0.3 um for the Peak-to-Valley and
Root-Mean-Square respectively. The measurements also
show that the isoplanatic half width is approximately 19 um
resulting in a field of view of 38 um in total. Analysis of the
data demonstrated that current Adaptive Optics technology
can improve the Strehl ratio of modern microscopes by 4
times on average, but improvement as high as 15 times were
observed when imaging through 200 um of tissue.
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TABLE 1
M PV [um] RMS [um] S S(14)  S(65)
1 1.21 0.24 0.03 0.60 0.71
2 0.75 0.12 0.13 0.67 0.77
3 0.99 0.19 0.05 0.67 0.75
4 0.42 0.08 0.41 0.80 0.84
5 0.94 0.15 0.10 0.65 0.74
6 0.78 0.10 0.23 0.73 0.80
7 0.91 0.16 0.11 0.60 0.70
8 0.95 0.16 0.08 0.72 0.80
9 0.41 0.07 0.47 0.81 0.89
10 0.94 0.15 0.26 0.62 0.70
11 1.16 0.21 0.13 0.66 0.73
12 1.31 0.23 0.18 0.59 0.68
13 1.80 0.30 0.06 0.27 0.49
14 1.60 0.29 0.10 045 0.57
15 1.65 0.23 0.16 0.44 0.60
mean 1.05 0.18 0.17 0.62 0.72
TABLE 2
Distance Angle  RMS(1) RMS(2) RMS(1-2)

Measurement [pm] [arcmin]  [rads] [rads] [rads]
1 18 13.8 0.98 1.24 0.77

2 25 19.1 1.69 1.1 1.3
3 14 10.7 1.6 1.9 0.73
Mean 19 14.5 1.42 1.41 0.93

The invention claimed is:

1. A method for measuring optical aberrations introduced
during optical imaging through biological tissue, the method
comprising the steps of: (i) seeding a medium with two or
more fluorescent sources for use as reference sources for
adaptive optics tomography, (ii) applying a biological tissue
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to the seeded medium, (iii) subjecting the biological tissue on
the seeded medium to adaptive optics tomography, and (iv)
measuring the optical aberrations caused by imaging through
the biological tissue using adaptive optics tomography,
wherein optical aberrations are measured using multiple
Shack-Hartmann wavefront sensors.

2. The method of claim 1 wherein the two or more fluores-
cent sources comprise the fluorescent proteins GFP and
YFP.

3. The method of claim 1 wherein the fluorescent source is
selected from the group consisting of: a fluorescent micro-
sphere, quantum dot, a fluorescent bead, a fluorescent dye,
and a fluorescent protein.

4. The method of claim 1 wherein the adaptive optics
microscopy comprises tomography adaptive optics, where
multiple light sources together with multiple Shack-Hart-
mann wavefront sensors are used and wherein the informa-
tion from each wavefront sensor is processed using a recon-
structor to acquire a tomographic image of the index of
refraction changes in the optical path thereby allowing for the
adaptive optice system to correct for the wavefront aberra-
tions only in the optical path.

5. The method of claim 1 wherein the wavefront sensor is
a Shack-Hartmann wavefront sensor, and wherein the maxi-
mum wavefront error for a 40x objective is 1.9 pum and 0.3 pm
for the peak-to-valley and root-mean-square respectively.

6. A method for measuring optical aberrations introduced
during optical imaging through biological tissue, the method
comprising the steps of: (i providing two or more fluorescent
sources for use as reference sources for adaptive optics
tomography, (ii) seeding a biological tissue with said two or
more fluorescent sources, (ii) subjecting the biological tissue
onthe seeded medium to adaptive optics tomography, and (iv)
measuring the optical aberrations caused by imaging through
the biological tissue using adaptive optics tomography,
wherein optical aberrations are measured using multiple
Shack-Hartmann wavefront sensors.

7. The method of claim 6 wherein the fluorescent sources
comprises at least GFP and YFP.

8. The method of claim 7 wherein the said adaptive optic
microscopy comprises tomography adaptive optics, where
multiple light sources together with multiple Shack-Hart-
mann wavefront sensors are used and wherein the informa-
tion from each wavefront sensor is processed using a recon-
structor to acquire a tomographic image of the index of
refraction changes in the optical path thereby allowing for the
adaptive optice system to correct for the wavefront aberra-
tions only in the optical path.

9. The method of claim 5 wherein the isoplanatic half-
width is approximately 19 um resulting in a field of view of 38
um in total.

10. The method of claim 6 wherein the fluorescent refer-
ence source is seeded into the biological tissue or the medium
in which the biological tissue is present by soaking or inject-
ing the biological tissue or the medium with the fluorescent
reference source.

11. The method of claim 6 wherein the fluorescent refer-
ence source is seeded into the biological tissue by genetic
breeding and is inherently present in the biological tissue.

#* #* #* #* #*



